1. Introduction {#sec1}
===============

The civil airliner is an important means of transport that has greatly reduced people\'s travel time. Increasing numbers of people use aircraft for travel. The aircraft brings convenience to passengers but has also increased air quality problems \[[@bib1]\]. The cabin environment has a high density of occupants, increasing the risk of passenger cross-infection \[[@bib2]\]. There is a mutual coupling effect between the supply-air jet and the human thermal plume, an effect which makes the flow field more complicated in the cabin. Therefore, investigating the flow characteristics within the cabin is necessary during commercial passenger flights \[[@bib3]\]. A mixing ventilation system is commonly used in the aircraft cabin; the system consists of air supply at the top of the cabin and exhaust air at the bottom. Due to the mixing characteristic, the system can disperse infectious diseases through airflow in the cabin \[[@bib4]\]. The mixing ventilation system is not conducive to the exclusion of contaminants. The characteristics of the mixture can more easily allow airborne transmission of infectious disease in the cabin \[[@bib5]\]. The novel coronavirus (2019-nCoV) outbreak led many countries to the screening of travelers for respiratory symptoms and febrile illness \[[@bib6],[@bib7]\]. Obviously, the civil airliner acts as a carrier of virus transmission.

The supply-air jet enters the cabin with a certain momentum, and the two supply-air jets collide in the aisle region. The thermal plumes are unstable and limited by the small space \[[@bib9]\]. The supply-air jets have high turbulence intensity. The supply-air jet and the thermal plume from passengers mix with each other, forming large-scale circulation. The supply-air jets\' collision of airflow takes place in the middle region of the cabin mockup. This means that the flow has a more complex structure in the middle region of the cabin \[[@bib10]\]. The large-scale eddies dominate the overall flow structures at higher supply air velocities \[[@bib8]\]. Passengers near the aisle are more susceptible to infection \[[@bib11]\]. According to Körner et al.'s research, the oscillation of the two supply-air jets causes the velocity oscillations of the flow field \[[@bib12]\]. The coherent oscillation of the large-scale circulation structure depends on the Reynolds number. The empirical model describes the two collision supply-air jets and the automatic oscillation with respect to the geometric relation of the inlet and Reynolds number. In addition, current studies have shown that simplified geometric models were well suited for indoor large-scale circulation ventilation problems \[[@bib13]\]. The room geometry can be used to distinguish between unstable to stable room airflow structures \[[@bib35]\]. Through Yan\'s experiment and computational fluid dynamics (CFD), it was found that the location of the pollution source had a significant effect on the transport of pollutants in the cabin \[[@bib14]\]. It was also found that an increased ventilation rate does not necessarily protect the passengers close to the source. This is due to the characteristics of the large-scale circulation of the flow field.

To fully understand the complex airflow in the cabin, it is necessary to fully study the characteristics of large-scale circulation. Knowledge of the spatial and temporal characteristics of large-scale circulation is becoming increasingly important. The related research can guide the design of the cabin. The thermal plume and supply-air jet momentum-driven flow have highly complex structures. Bosbach et al. analyzed the interactions between supply-air jets and thermal plumes under two different air inlet configurations \[[@bib15]\]. The large-scale airflows have random and unstable spatial and temporal flow structures. Large-scale convective transport depends on the dynamic structure of the flow. Heat transfer is determined by the interaction of forced convection (FC) and thermal convection (TC) under mixed convection (MC). In particular, the turbulent mixed convection has attracted the interest of research scholars during the last decades \[[@bib16],[@bib17]\]. Understanding large-scale circulation (LSC) is important for understanding the mechanism of turbulent convective energy transfer \[[@bib18],[@bib19]\].

The high thermal load due to high occupant density has an effect on the flow field that is comparable in importance to the supply air jet. These competing flows cause instability \[[@bib20], [@bib22], [@bib21]\]. Due to the heat dissipation of the passengers, the thermal boundary condition of the cabin\'s thermal environment was similar to Poiseuille-Rayleigh-Benard (PRB) mixed convection flows \[[@bib23]\]. From a technical point of view, the dynamics of the large-scale circulation and the effect of spatial distribution on thermal convection are very important \[[@bib24]\]. In addition, the large-scale circulation was constantly fluctuating during the exercise \[[@bib25]\]. The large-scale circulation was driven mainly by the supply-air jet in the cabin. The airflow dissipation downstream occurred at a lower frequency, which was due to the turbulence dissipation spectra \[[@bib26],[@bib27]\]. The instantaneous velocity vector field obtained by the particle image velocity (PIV) can detect the core and center position of the large-scale circulation through a proper orthogonal decomposition algorithm. The three-dimensional nature of the large-scale circulation structure is represented by the irregular oscillating shape of the core line \[[@bib28],[@bib29]\].

Spectral analysis is a commonly used method to study velocity fluctuation. The turbulence kinetic energy spectra index is an important parameter for characterizing the energy distribution on the double logarithmic power spectral density curve. The turbulence oscillation is not a completely random motion, but an irregular oscillation containing identifiable ordered large-scale motion. The development of the large-scale structures determines the distribution of oscillation in the flow field. The most important application of the existence of ordered structures in turbulence is that the turbulence can be controlled by interfering with such large-scale structures, resulting in a flow field with different spectra. The turbulence is superposed by different scales of vortices. The power spectral density function of the spectral analysis method can give the frequency and the fluctuation energy of the different vortices in the turbulence and can explain the flow field characteristics comprehensively and accurately.

With the maturity of the statistical theory of turbulence, and instruments capable of measuring high-frequencies, supply-air jet research began to focus on spectral characteristics. According to the statistical theory of turbulence, the spectrum carries all the information of turbulence. Saddoughi measured the velocity fluctuations through experiment, and verified the local-isotropy predictions of Kolmogorov\'s universal equilibrium theory. Kolmogorov time scale $\tau_{K} = {(\gamma/\varepsilon)}^{1/2}$ is used to normalize the frequency f, where, ε is the dissipation rate, $\gamma$ is the Kinematic viscosity \[[@bib30]\]. Fellouah et al. found that the frequency spectrum of the supply-air jet has a significant Re-number-dependent effect \[[@bib31]\]. In the case of high Reynolds numbers, the velocity turbulence kinetic energy spectra of the supply-air jet have a significant inertial subrange. In the case of low Re numbers, the energy is directly transferred from the large-scale energetic zone to the small-scale dissipation region. The explanation of the three power law intervals are as follows: the interval of −5/3 represents the inertia subrange, the interval with a slope of −3 reflects the two-dimensional nature of turbulence, and the interval with a slope of −7 represents a small-scale dissipation region \[[@bib32]\]. Mi et al. also did similar research. The variation of the spectral curve with the Re number of the supply-air jet was investigated \[[@bib33]\]. It was found that the spectrum has a distinct inertial subregion only after the critical Reynolds number is exceeded.

The performance of large-scale flow structures was studied in an aircraft cabin mock-up. The purpose of this study was to evaluate the large-scale circulation impact on the cabin environment and the thermal plume impact on the flow field. This study used fast Fourier transform (FFT) algorithms to investigate the thermal plume\'s impact on the large-scale circulation. Experimental research was conducted to obtain the contaminant concentration, temperature field and flow field of the cabin mockup by using a trace gas and ultrasonic anemometer measurement system.

2. Methods {#sec2}
==========

2.1. Experimental facility {#sec2.1}
--------------------------

The research set up a measurement device for obtaining the accurate temperature and velocity in a seven-row cabin mockup, as shown in [Fig. 1](#fig1){ref-type="fig"} . The dimensions of the cabin at floor level was 5.8 m (length) $\times$ 3.25 m (width), while the height of ceilings was up to 2.15 m from the floor. Forty-two thermal manikins were placed in the seats and simulated the effect of the passenger position on the airflow patterns. The heat load of each thermal manikin was set to 75 W. Air was supplied to the aircraft cabin mock-up by slot diffusers on each side, which were located under the overhead compartment. The supply air temperature from the diffusers was controlled at 19 ± 0.5 °C.Fig. 1The experimental facility cabin mockup.Fig. 1

2.2. Measurement method {#sec2.2}
-----------------------

### 2.2.1. Velocity measurement {#sec2.2.1}

Under the cooling condition (CL), all the thermal manikins were turned on. Under the isothermal condition (ISO), all the thermal manikins were turned off. Ultrasonic anemometers (UA) were used to obtain velocity magnitude and direction, with a measurement range from 0 to 10 m/s and an accuracy of ±0.03 m/s. The measurement was performed at the middle cross-section of the manikins\' legs in row 4, 15 cm in front of the fourth seat row of thermal manikins. The measurement lasted for 2 h. The sampling rate was constant at 20 Hz for each velocity component at a location. The velocity vector of the flow field is shown in [Fig. 2](#fig2){ref-type="fig"} . To investigate the thermal plume\'s impact on the large-scale circulation, the measurement point with almost zero 2-D velocity was taken as the center position of the large-scale circulation in the cabin. The measurement points were distributed along the large-scale circulation flow trajectories. The large-scale circulations have unsteady characteristics in the cabin, and the transient airflow patterns are also changeable \[[@bib34]\]. In order to experimentally explore the representative position of turbulent kinetic energy spectrum analysis in the cabin, two case comparisons were performed in this study. The large-scale circulation\'s exterior trajectory was represented by a red line (case 1), while the large-scale circulation\'s interior trajectory was represented by a black line (case 2), as shown in [Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig2){ref-type="fig"}. The measurement point distribution divides the space into 5 zones: supply-air jet zone (point 1 and point 6), collision zone (point 2 and point 7), recirculation zone (point 3 and point 8), entrainment zone (point 4 and point 9) and large-scale circulation center (point 5 and point 10). The different makes and models of airplanes use different designs and locations of air supply diffusers, so the results of this study only apply to the similar air supply configuration.Fig. 2Large-scale circulation measurement point distribution.Fig. 2Table 1The measurement points of the two cases.Table 1Measurement pointRemarkCase 1①→ ②→ ③→ ④ ⑤ (Redline)The points ⑤ and ⑩ are repeated measurements at the same measurement pointCase 2⑥→ ⑦→ ⑧→ ⑨ ⑩ (Blackline)

### 2.2.2. Tracer gas measurement {#sec2.2.2}

To investigate the large-scale circulation impact on the cabin environment, the contaminant distribution was measured using tracer gas in the cabin. Sulfur hexafluoride (SF~6~) was used as the tracer gas due to safety and stability. The multigas monitor (Innova 1412, LumaSense Technologies, Ballerup, Denmark) and the multipoint sampler (Innova 1309) were selected as the gas measurement instruments. The accuracy of the tracer gas measurement system was 0.01 ppm, and the repeatability was 1% of the measured values. During the experiment, 1% SF~6~ was released with a volume flow rate of 1 L/min at the location of the thermal manikin\'s mouth (in seat 4D). The sampling point locations were monitored by the INNOVA 1412, as shown in [Fig. 3](#fig3){ref-type="fig"} . The measurements took place in the same seat row as the source. Sample integration time was 5s, flushing times was 10s, and response times was 27s.Fig. 3Tracer gas sampling point distribution.Fig. 3

2.3. Analysis method {#sec2.3}
--------------------

### 2.3.1. Fast fourier transform (FFT) {#sec2.3.1}

The velocity fluctuates with time series at the center position of the large-scale circulation, as shown in [Fig. 4](#fig4){ref-type="fig"} . In the time series, the velocity fluctuation is intense. It is necessary to convert the velocity fluctuation signal from the time series into the frequency series. The fast Fourier transform (FFT) is one of the most important algorithms in signal processing and data analysis. Therefore, this study investigated the characteristics of large-scale circulation by analyzing the turbulence kinetic energy spectra characteristics of each measurement point.Fig. 4Velocity fluctuations at point 5 in 300 s.Fig. 4

3. Results and discussion {#sec3}
=========================

The turbulence kinetic energy spectra of the two cases have similar results, as shown in [Fig. 5](#fig5){ref-type="fig"} . In particular, the turbulence kinetic energy spectra of case 1 (points 2, 3, 4 and 5) and case 2 (points 7, 8, 9 and 10) are almost the same. Therefore, the results imply the turbulence kinetic energy spectra of the measurement points reflect the flow characteristic of the large-scale circulation in an aircraft cabin.Fig. 5The turbulence kinetic energy spectra of large-scale circulations under the cooling condition.(1) Large-scale circulation\'s exterior turbulence kinetic energy spectra (Case 1)(2) Large-scale circulation\'s interior turbulence kinetic energy spectra (Case 2).Fig. 5

The supply-air jets have higher energy at the initial segments, and then the energy gradually decays during movement. At measurement point 1, the energy of the supply-air jet maintains circulation movement. The turbulence kinetic energy spectra are different between the point 1 and the point 6, as shown in [Fig. 5](#fig5){ref-type="fig"}. Due to the point 1 is located at the supply-air jet\'s initial segment of the large-scale circulation with a higher turbulence kinetic energy. The kinetic energy at point 1 is evenly distributed across frequency, until decreasing above 1 Hz. The turbulent kinetic energy decreases sooner with the increase of frequency at point 6, and the oscillation of the high-frequency region is dissipation region dominated by viscous dissipation. Along the trajectory of circulation, energy is gradually attenuated. The turbulent kinetic energy with little attenuation from measurement point 2 to measurement point 3. The turbulence kinetic energy spectra of large-scale circulation at point 3 and point 5 have almost the same characteristics. At the central location of the large-scale circulation (point 5 and point 10), the average velocity is smaller, as shown in [Fig. 2](#fig2){ref-type="fig"}. It still has high energy. This is due to the center position of the large-scale circulation constantly fluctuating during movement. The velocity magnitude and direction are also fluctuating. Therefore, the average velocity is smaller. Moreover, the circulation has low turbulence kinetic energy at the entrainment process (point 4). At that point, the turbulent vortex structure breaks into a small-scale vortex structure, the peak of the turbulent kinetic energy spectrum disappears. The airflow mixed with supply-air jet flow through circulation entrainment.

As shown in [Fig. 6](#fig6){ref-type="fig"} , the turbulence kinetic energy spectra of cooling condition and isothermal condition are nearly identical in trend and magnitude at point 1 and point 2. This behavior is due to the airflow energy mainly coming from the supply jets, with the thermal plume having a weak effect. The turbulence kinetic energy of the low frequency region (f(Hz)\<1Hz) of point 2 is higher than point 1. The turbulence kinetic energy of the high frequency region (10Hz \> f(Hz) \>1Hz) of point 1 is higher than point 2. It is due to supply-air jet attenuation; the energy slightly increases at the low frequency region.Fig. 6The turbulence kinetic energy spectra under cooling condition (CL) and isothermal condition (ISO).Fig. 6

For further investigation of the impact of human thermal plumes on airflow, ultrasonic anemometers (UAs) were used to obtain velocity magnitude. The turbulence kinetic energy spectra of the large-scale circulation were compared under the cooling condition (CL) and the isothermal condition (ISO). The red curves indicate cooling conditions, while the green curves indicate isothermal conditions. The horizontal axis is frequency, and the vertical axis is power.

As shown in [Fig. 7](#fig7){ref-type="fig"} (1), under the isothermal condition, the turbulence kinetic energy of the high frequency region is decreasing. This is due to the weakening of the role of the supply-air jet at this region. The turbulence kinetic energy of the high frequency region (f(Hz) \>1Hz) under the cooling condition is larger than the isothermal condition. Owing to the influence of the thermal plume, the airflows have more energy under cooling conditions at the high frequency region. Under the cooling condition, the thermal plume and the supply-air jet are mixed with each other and the turbulent dissipation of the supply-air jet is accelerated. Due to the influence of the thermal plume, the vortex structure is accelerated to dissipated. The turbulence kinetic energy dissipated from the large-scale circulation is increased at the high-frequency region. Therefore, the thermal plumes enhanced turbulent fluctuation at this region in the cabin.Fig. 7The turbulence kinetic energy spectra under the cooling condition (CL) and the isothermal condition (ISO).(1) Turbulence kinetic energy spectra at point 3(2) Turbulence kinetic energy spectra at point 4(3) Turbulence kinetic energy spectra at point 5.Fig. 7

At point 4, the turbulence kinetic energy of the low frequency region (f(Hz)\<1Hz) under the cooling condition is larger than under the isothermal condition, as shown in [Fig. 7](#fig7){ref-type="fig"} (2). This is due to the energy of the large-scale circulation is severely attenuated at this region. The occupant\'s thermal plume frequency is less than 1Hz. The thermal plume is mixed with the circulation and the energy of the low frequency region is enhanced. Under the cooling condition, due to the role of the circulation entrainment, the thermal plume and the circulation mixed with each other, increasing the energy of the large-scale circulation. At points 3 and 4, due to the influence of the thermal plumes, the large-scale circulation has more energy under cooling conditions at the process of circulation entrainment. The thermal plume can increase the energy of the larger-scale circulation at the lower frequencies.

At the large-scale circulation center (point 5), the turbulence kinetic energy spectra showed the same trend under both the cooling condition and the isothermal condition, as shown in [Fig. 7](#fig7){ref-type="fig"} (2). This is because the passenger\'s thermal plume effect is small.

The turbulence kinetic energy spectra of the different regions are superposed as shown in [Fig. 8](#fig8){ref-type="fig"} . At the initial segment of the supply-air jet (points 1 and 2), the thermal plume of the passengers increased the circulation energy approximately by 10%. At the core of the rotation (point 5), the thermal plume increased the circulation energy approximately by 20%. At the bottom of the circulation (points 3 and 4), the thermal plume increased the turbulent energy approximately by 65%--75%. The thermal plume increased the energy of the large-scale circulation. Due to the influence of the thermal plume, the large vortices accelerated the transfer to the small vortex of the large-scale circulation. The results showed that the thermal plume had a significant effect on the circulation of the entrainment region. Therefore, the thermal plume contributed energy to the large-scale circulation, which enhanced the airflow mixing effect of the mixed ventilation system. The thermal plume is driven by the buoyancy force, which enhances the entrainment characteristics of the large-scale circulation. This helps to increase the uniformity of air mixing and helps the passengers dissipate heat in the cabin.Fig. 8The energy superposition of the large-scale circulation.Fig. 8

To investigate the role of the large-scale circulation in air distribution, the thermal manikin nearest the aisle was used as a source. The sampling point is shown in [Fig. 3](#fig3){ref-type="fig"}. The flow rate of tracer gas (1% SF~6~) was constant at 1 L/min at the thermal manikin\'s mouth (point 5). The more detailed coordinate information and results are shown in [Table 2](#tbl2){ref-type="table"} . The source location was 5 cm above the point 5. The results show that the pollutants concentration is rapidly diluted by the large-scale circulation. The blue bar represents the concentration of pollutants at the passenger breathing zone, as shown in [Fig. 9](#fig9){ref-type="fig"} . The gray bar represents the concentration of pollutants at the circulation bottom region. The red bar is the contaminated source. Although the source was located on the left side of the cabin, the contaminants were also detected on the other side of the cabin. It is due to the interaction of two large scale circulations on both sides of the aisle in the cabin. Thus, the passengers are more likely to affect each other in the cabin on both sides of the aisle. The concentrations were not much different around the passengers on both sides of the aisle. This means that the two large-scale circulation interactions made the air flow mixing approximately uniform. Under the action of large-scale circulation, there is no phenomenon that the pollutants are completely locked. The effect of circulation is to rapidly dilute the pollutants through air mixing. The effect of circulation can make the velocity magnitude more uniform. Therefore, the mixing flow can control the level of pollutants.Table 2The results of concentration and the local coordinates of the measurement locations.Table 2Sampling point12345Source6789101112X (m)−1.4−1.4−0.94−0.94−0.46−0.46−0.460.460.460.940.941.41.4Y (m)1.20.71.20.71.21.250.71.20.71.20.71.20.7Concentration (ppm)1.251.221.861.7879.41100002.840.661.060.720.950.990.86Fig. 9Contaminant concentration distribution around passengers.Fig. 9

4. Conclusions {#sec4}
==============

To investigate the effect of large-scale circulation on the flow field in the cabin, the turbulence kinetic energy spectra of velocity fluctuation was obtained by fast Fourier transform (FFT). Then, the energy transfer mechanism of the large-scale circulation was analyzed. Under the mixing ventilation system, two large scale circulations inevitably formed in the cabin. Therefore, the passengers on both sides of the aisle had an increased likelihood of affecting each other in the cabin.

Firstly, the turbulence kinetic energy spectrum analysis method can well reveal the effect of thermal plumes on large-scale circulation in the cabin.

Secondly, the thermal plume transmitted energy to the large-scale circulation through the process of circulation entrainment at the bottom of the circulation.

Finally, the two large-scale circulation interactions made the air flow mixing approximately uniform. Under the mixing ventilation system, the large-scale circulation is the key factor affecting the airflow performance.
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